Abstract-This paper deals with the problem of hybrid analog-digital transmit beamforming under spectrum sharing constraints. Hybrid multiantenna architectures are ideal for high throughput wireless links, where full-digital solutions are extremely expensive due to their the high number of radiofrequency chains and full-analog architectures require complex and lossy beamforming networks. In contrast to the recent works regarding mm-wave precoding, we consider the case where the transmitter is required to limit its array gain to certain anglesof-departure where non-intended receivers are located. This is of great importance in the 18 GHz band where wireless backhaul systems can eventually share the spectrum with satellite systems, leading to a substantial reduction of the spectrum license cost. We propose a general optimization framework based on an alternate analog-digital optimization that can consider any arbitrary subarray scheme (i.e. interleaved, localized, etc.). At each stage of the analog-digital optimization a quadratically-constraint-quadraticprogram needs to be solved and it requires the use of novel non-smooth methods. Numerical results show the performance of our method for different scenarios and sub-array schemes.
I. INTRODUCTION
In next generation cellular systems low cost, flexible and high throughput backhauling is mandatory. This could be done with fixed microwave links as current rural and suburban cellular deployments. However, these systems cannot quickly react to dymanic traffic demands by reconfiguring the network topology and, as a consequence, they need to be updated with pointing capabilities (beamforming) in order to meet 5G expectations.
In addition, as future backhaul wireless systems will require a large portion of the current spectrum at the 18 GHz and 28 GHz bands, the license cost for each mobile network operator will increase accordingly. One option for leveraging this cost is to create a licensed shared access between a satellite and a cellular operator as satellite systems are deployed in these bands. Under this context, both the cellular and the terrestrial operator might reach an agreement regarding their general spectrum sharing rules. This paper considers the spectrum sharing case in the 18 GHz band where the satellite forward link takes place. This band is currently divided into two portions: while there is an exclusive part that is devoted to the satellite downlink, another larger portion is devoted to terrestrial links where the satellite receivers cannot claim for protection. Bearing this in mind, with a license spectrum sharing agreement the satellite operator could deploy receivers in the current unprotected band while the mobile network operator can substantially reduce its licensing cost. Clearly, the terrestrial wireless links shall deploy interference mitigation techniques in order to facilitate the satellite signal reception.
For implementing those interference mitgation techniques, it is essential that next generation backhaul links are equipped with multiple antennas in order to quickly reconfigure its pointing location and to mitigate the tentative interference to the satellite receivers. This latter requirement leads to a different analysis compared to the growing literature in millimeter wave (mm-wave) [1] , [2] multiantenna systems where the spectrum sharing aspects are not treated.
Attending to the cost performance trade off, the most adequate multiantenna architecture is the hybrid analog-digital where an analog beamforming network (BN) processes the signals received by the Q antennas into a set of N RF ≤ Q radiofrequency (RF) chains. Although this BN can ideally connect every RF chain with each antenna with amplitude and phase control, low complex analog architectures with only phase control result in a large complexity reduction [3] .
Interference mitigation in hybrid analog-digital beamforming techniques are treated in multiuser scenarios [4] - [7] . Nevertheless, among the aforementioned works, the problem considered in this paper is not addressed. Precisely, we consider the maximization in a given angle-of-departure (AoD) while maintaining the interference for the non-intended receivers under a certain threshold . To the best of authors knowledge, this is the first time this problem is treated in the hybrid analogdigital literature.
The proposed method consists of an alternate optimization problem which sequentially optimize the analog and the digital part respectively. Generally, the semidefinite relaxation fails in delivering an efficient optimal solution for both the analog and digital parts. This is because the relaxation of the problem often yields to a high-rank solution and the randomization is unable to provide a feasible rank-one solution due to the dual side constraints. This fact is also reported in [8] .
Remarkably, the proposed scheme is able to provide a solution for any arbitrary hybrid analog-digital scheme. This is not case of [9] and [10] where a complex full connected analog part (i.e. all-to-all connection between the RF chains and the antennas) is assumed and imposing and arbitrary connectivity matrix cannot be performed. Moreover, [9] , [10] consider a power sharing between both the analog and digital part whereas in our case we assume a more realistic architecture where the analog part has a set of power amplifiers with fixed gain.
We compare the proposed alternate scheme with the fullanalog (phased array) and the full digital beamforming with per antenna power constraints and it is observed that very close achievable rates are obtained. Concretely, the simulation results show that different sub-array schemes with different implementation complexities lead to very similar results compared to the full-analog and full-digital designs.
The rest of the paper is organized as follows. Section II describes system model. Section III states the optimization problem for hybrid analog-digital beamforming with spectrum sharing constraints. Section IV describes the alternate optimization problem for solving the problem presented in the previous section. Section V presents the numerical results. Section VI concludes.
II. SYSTEM MODEL Let us consider a backhaul node equipped with Q antennas transmitting an unit energy symbol s to another backhaul node. The received signal can be modelled as
where a(θ) ∈ C Q×1 is the array antenna response that depends on the angle of departure (AoD) between the transmitter and the receiver (θ ∈ [−π, π]) and the array structure. For the sake of simplicity, we consider a uniform linear array (ULA) of isotropic elements whose array antenna response is
where d is the antenna spacing and λ the transmission wavelength. The path-loss is modelled by G and P denotes the transmit power. Vector w ∈ C Q×1 denotes the beamforming vector to be designed and n the Gaussian distributed zero mean unit variance noise term. Similarly, an uniform rectangular array could be used in its vectorial form here. Note that we have considered a line-of-sight channel model which is adequate for rural and suburban backhaul links. In case access wireless systems are considered, the channel model shall be revisited accordingly.
As described previously, we consider the wireless backhaul link optimization in presence of K satellite receivers sharing time and spectral resources. In this scenario, terrestrial backhaul links operating at the same frequency can eventually create an interference signal so that the satellite receivers are unable to establish a reliable communication link with the satellite [11] .
The satellite receivers locations are modelled by a set of AoDs {(θ k )} K k=1 , represented by the following steering vectors {a
where the subindex i refers to 'interference'. Under this context, the received signals by the satellite users can be written as
where G k is the path loss for the k non-intended receiver and n k the Gaussian distributed zero mean unit variance noise term. This paper focuses on the design of w so that it maximizes the array gain with the intended receiver while keeps the interference power level to the k-th satellite receiver under a certain threshold k .
Due to the very large path-loss, a large number of antennas is needed for obtaining the required array gain which will allow attaining very high throughputs. This large number of antennas critically raises the cost of full-digital designs and the complexity, area and losses of analog BN so that hybrid solutions must be considered. In the next section we describe the optimization methods for full-digital, full-analog and the hybrid case.
III. TRANSMIT BEAMFORMING OPTIMIZATION A. Digital Scheme
For the sake of completeness, let us consider a multicast transmit beamforming optimization in presence of K nonintended receivers and L intended receivers. Whenever the path losses and the AoDs are available, the system designer shall optimize the following problem
where a l d denotes the AoD steering vector to the intended user, determined by its corresponding θ d and the subindex q denotes the q element of the antenna array. We consider a set of L intended users whose array antenna responses are {a
. Under this context, we can observe that both (5) and (??) are equivalent. Indeed, the unicast transmission sets L = 1. As a result, we will consider this later case as it collapses also the unicast optimization problem.
Optimization problem (5) is a non-convex quadratically constraint quadratic program (QCQP) due to the greater-than constraints. This problem is generally solved via the semidefinite relaxation (SDR) technique. It is known that SDR provides a high rank solution for L ≥ 2 and; therefore, randomization methods shall be performed.
B. Analog Scheme
Here we consider a low complex analog scheme with fixed power amplifiers for each antenna. Consequently, the system designer can only control the phase values of the beamforming vector, leading to the following optimization problem
where the main difference with respect to (5) is the last equality constraint. It is known that this optimization problem is even more computationally complex compared to (5) and the SDR technique fails in delivering an efficient solution. This is due to the equality constraint imposed by the analog network which makes difficult the randomization. Indeed, in [8] is shown that QCQP problems with double side constraints are difficult to be approximated via the SDR and randomization method.
C. Hybrid Analog-Digital Scheme
In case we consider an hybrid scheme, both the analog BN and the digital processing part shall be optimized. Let us denote P ∈ C Q×NRF the analog processing part and w H ∈ C NRF ×1 , digital part. In case we consider that the analog BN is composed by a set of phase shifters and Q fixed power amplifiers, the joint optimization problem of w H and P can be written as maximize
where α m,n can take values 1 or 0 depending on the sub-array structure.
It is important to remark that the optimization problem (7) is a novel very challenging scheme that even though solves a close-to-real problem, it has not been addressed previously. First, other works [9] , [10] consider the full connected analog part (i.e. α m,n = 1 m = 1, . . . , Q n = 1, . . . , N RF ) which is very difficult to implement. In addition, optimization problem (7) imposes a fixed power constraint to the power amplifiers leading to substantial reduction of the system cost. This differs to the previous approaches where power sharing between the analog and digital parts is assumed.
Considering that the different α values are collapsed in a matrix Φ ∈ R Q×NRF , different sub-array structures can be considered [3] . There are two main options; namely, localized sub-array
and interleaved sub-array,
where, 1 β denotes a vector with all β ones, I β is an identity matrix with dimension β and β = Q/N RF which we have assumed it is an integer number.
IV. ALTERNATE ANALOG-DIGITAL HYBRID BEAMFORMING OPTIMIZATION A. Iterative Analog-Digital Optimization
It can be observed that the optimization problem (7) is coupled within the variables w and P. In order to solve this obstacle, we consider a separate iterative optimization. Precisely, in the n iteration, we have an optimal analog beamforming solution, P(n), the corresponding digital beamforming can be obtained solving
The optimization problem (10) is a QCQP which requires more sophisticated relaxation techniques than the SDR and randomization as reported in [12] . Once the optimal solution of (10) is obtained, w H (n), this is used for obtaining the analog BN with the following optimization problem
This optimization problem shall be re-written in vector form in order to be solved. This can be written as follows
where
(14) Again, the optimization problem (12) is difficult to solve. The following section proposes a method for solving (12) and (10) .
B. Non-smooth Method
Since the semidefinite relaxation technique does not offer an efficient solution because of its general high-rank solution and the difficulties of performing the randomization method with the equality constraints, we propose in the following an alternative optimization technique. Due to space limitations, we only consider the digital optimization in (10) . For the analog optimization, the same procedure can be used.
As discussed in [13] , the inefficient semidefinite relaxation technique generally fails due to the discontinuous nature of the rank one constraint. A more natural way of imposing the rankone restrictions in semidefinite positive matrices is to write it as 
since Tr (W) = λ max (W) whenever there is only one nonzero eigenvalue. Therefore, the optimization problem (10) can incorporate the rank-one constraint as in (15). Using the penalty function technique, the optimization problem (10) can be re-written as
where (17) is convex, the function λ max (W) is not differentiable. In order to solve this problem, a sub-differential of the largest eigenvalue function is used instead. This sub-differential version of the function is
where w max is the eigenvector associated to the largest eigenvalue of matrix W H . Consequently, we can iteratively compute an approximate solution of (10) based on different updates of μ and its corresponding previous optimal solution W * H using the optimization problem (19). For more details of this derivation, the reader can refer to [12] .
Note that it is essential that a feasible initial solution W H (0) is found so as the value μ is properly elected. While the initial feasible solution can be obtained, the election μ depends on the problem and it shall be updated in case the algorithm remains in a high rank solution. Algorithm 1 summarizes this method.
Data: W H (0) and μ Result: w * initialization ; while W H (n) is not rank one do
Compute W H (n + 1) according to (19).; if W H (n + 1) = W H (n) then Update μ so that μ ← 2μ; else n ← n + 1; W(n + 1) ← W(n); end end Output the final solution; Algorithm 1: Non-smooth optimization algorithm.
In the next section it is shown that this method efficiently solves both the analog and digital optimizations of our proposed alternate optimization. The alternate procedure is described in Algorithm 2.
V. NUMERICAL RESULTS This section evaluates the proposed hybrid analog-digital scheme. We consider a ULA with different Q and N RF values in order to validate the analog-digital alternate scheme.
First, Figure 1 presents an example of one scenario where the intended users are located at 0 and 30 degrees and the satellite receivers are located at -10 and 40 degrees. The array is equipped with Q = 8 antennas and N RF = 4 RF chains. For comparison purposes, we also include the all-digital and all-analog schemes, which are the optimal values of problems Data: Feasible P(0) considering the Φ Result: w * H ,P * initialization ; while |P(n)w H (n) − P(n + 1)w H (n + 1)| 2 ≤ η do Compute w H (n + 1) according to the non-smooth optimization of (10) and considering P(n), ; Compute P(n + 1) according to the non-smooth optimization of (12) and considering w H (n + 1).; n ← n + 1; end Output the final solution; Algorithm 2: Alternate analog-digital optimization. (5) and (6), respectively. We consider the interleaved and the localized sub-array schemes. As Figure 1 reveals all different options lead to different antenna array gains in general. It can be observed that the full-analog and all-digital design behave better than the hybrid options providing a minimum array gain of -5.6 dBs for both the 0 and 30 degrees AoD. It is important to remark that the full-analog and full-digital designs offer a very similar performance. For the hybrid case, the interleaved scheme provides a minimum array gain for both intended directions of -7.6 dBs whereas the localized implementation renders to -9.5 dBs. Clearly, all techniques are able to limit the interference to the non-intended receivers the expected 30 dBs.
Considering the unicast transmission, we statically validate the performance of the proposed method in Figure 2 . For this evaluation we have assumed a uniform random location from -90 to 90 degrees of the desired and the interference AoDs. Figure 2 indicates that for all cases all-digital and allanalog with one and two interferences behave very similar with respect to the hybrid interleaved case with only one source of interference. From the figure, it can be established that for this scenario the localized sub-array scheme leads to lower performance compared to the interleaved case. Moreover, the array gain values are very close to its maximum (0 dBs) a very large portion of the realizations, making the proposed technique adequate to meet the throughput requirements. In order to evaluate the impact of the different values of Q and N RF , we consider a unicast transmission varying these parameters. This is shown in Figure 3 for an interleaved subarray scheme. In this figure it can be observed that as the number of antennas and RF chains are increased, the array gain is also increased. Remarkably, only a few realizations the algorithm did not reach to an efficient feasible solution.
VI. CONCLUSIONS This paper proposes an optimization framework for the design of hydrid analog-digital beamforming vectors under spectrum sharing restrictions. The proposed beamforming techniques are essential for future satellite terrestrial spectrum sharing networks at the 18 GHz band where a mobile network and a satellite operator could eventually share certain parts of the spectrum. In contrast to other works, the proposed technique is able to deliver an efficient beamforming vector for different sub-array architectures yet maintaining the created interference towards non-intended receivers (i.e. satellite user terminals) under a certain threshold. Numerical results validate the performance of the proposed optimization framework.
